I. ABSTRACT
In this paper, we report on our results concerning the interaction of water with titanium dioxide in its rutile modification. The (110) surface is modelled by an embedded Ti 9 O 18 Mg 7
14+
cluster. We present up to five-dimensional potential energy surfaces for the water molecule on this surface and include the dissociation of one hydrogen atom. The electronic ground state as well as one electronically excited state is included. To deal with the multi-configurational character of the wave function, we use the complete active space self-consistent field (CASSCF) approach. The resulting potential energy surfaces are fitted by means of an artificial neural network. As a first example of quantum dynamical studies based on our potential surfaces, we present results on the photodesorption of water from rutile (110).
II. INTRODUCTION
The photocatalytic properties of titanium dioxide have motivated a large number of studies in the last decades. [1, 2] Experimental and theoretical findings have contributed to a better understanding of these phenomena. Nevertheless, insight into the underlying processes on an atomic, i. e. femtosecond time-scale is still deficient. From an experimental point of view, preparation of perfect surfaces and measurement of ultra fast processes is still a great challenge. From a theoretical point, substrate surfaces are hard to model and require large computational power, which became available only in the last years. Density functional theory is one of the working horses in computational chemistry, but suffersdespite the problem of choosing the correct functional-of two major drawbacks: bond breaking reactions and well-defined electronically excited states are not accessible without further simplifications. This is due to the multi-configurational character of the wave function. The complete active space self-consistent field (CASSCF) theory on the other hand can deal with this problem and dynamical correlation can be included later on within a perturbative approach (CASPT2).
From the plethora of surface photoreactions water splitting is one of the most interesting processes. [3] This is due to the fact that new routes to energy and fuels become indispensable. Water splitting by sunlight can be considered as an ideal case of green chem-istry and hydrogen may be the new fuel. In the last years, a large variety of potential substrates have been identified. Nevertheless, most of them suffer from disadvantages like costs, toxicity, poor stability (e. g. photocorrosion) or low efficiency. This is connected to the thermodynamical potential and the size of the band gap. Although the last point is true for titanium dioxide, too, many attempts tried to overcome this challenge. Modifying the surface by defects and dopants is one basic idea. Others try to build combined compounds or add small clusters onto the titanium dioxide surface using two different photocatalysts in a two-step excitation. Within a microscopic picture of photoreactions on surfaces, a large set of elementary processes can be identified that act together and can enhance or reduce the photocatalytic activity. In this contribution, we want to address the water splitting by reducing the complexity of this system in order make computations on a high level of theory feasible. Our aim is not to give a consistent picture of the whole reaction, but just to understand one of the elementary steps. In the first part of this paper, we want to present the potential energy surfaces for the electronic ground state and a representative electronically excited state. They are the prerequisite for quantum dynamical studies which constitute the second part of our study.
III. METHODS
For water on rutile (110) two adsorption forms have been found experimentally and theoretically. They are depicted in figure 1. In the molecular form water binds as a whole molecule above a five-fold titanium atom, whereas in the dissociative form on hydrogen has moved to a bridging oxygen and only an OH fragment remains above the titanium atom.
In order to allow the use of multi-configurational ab initio methods, we pursued an data points and used an average value from these three surfaces. Here, only the z-direction normal to the surface has been included.
The basis set is of nearly triple zeta quality for the central atoms of the cluster and has been published elsewhere [6, 7] . However, we have changed the basis set for the central oxygen atoms in the bridging oxygen rows because they bind to the dissociated hydrogen during the reaction. Therefore, their basis sets are chosen to be equivalent to the one of the water oxygen (see below).
It has been demonstrated in previous studies [6] [7] [8] [9] that this embedded cluster is large enough to deal with photoreactions on titanium dioxide. Details on the basis set and the embedding scheme can be found elsewhere [6] [7] [8] [9] . To describe the bond breaking properly, a multi-configurational wave function is necessary. We used the CASSCF approach and the size of the active space has been checked thoroughly (see below). Dynamical correlation can be included by a subsequent CASPT2 calculation. The size of the cluster and of the basis set is a compromise between accuracy and computational requirements needed for high level computations. All calculations were performed with the molcas program package, version 7.6. [10] Subsequent quantum dynamical studies require a coordinate system which results in a Hamiltonian that can be implemented efficiently. Cartesian coordinates are one choice, but here the coordinates have no physical meaning. Systems where bond angles and lengths are included explicitly are therefore much more advantageous. Jacobi coordinates are one solution [11] , because they separate the motion of the center of mass from internal coordinates and furthermore provide a dissociation vector. Their definition for the system under study is given in figure 2 . By keeping the values of X, ζ and Φ constant, C s symmetry can be preserved which results in a dramatic reduction of the computational effort. Furthermore, the distance between oxygen and the second hydrogen atom was fixed at a value of 0.96 Å.
The remaining five degrees of freedom were considered in our study. It should be emphasized that the dissociation vector R formally defines the distance between hydrogen and the center of mass of OH. Because of the much higher mass of oxygen, the center is located closely to the oxygen atom (for small and medium values of R) and therefore the dissociation vector R can interpreted as the OH distance in good approximation. IV. RESULTS
A. The water molecule
The choice of the basis set for the atoms involved is crucial for the calculation of bondbreaking processes and electronic excitations. Therefore, we carefully checked the basis set for the water molecule in the gas phase with respect to dissociation and excitation energies.
We choose the first excited state (Ã 1 B 1 ) for the electronic excitation, which is the HOMO- experimental findings.
For the 1Ã 1 B 1 state the corresponding excitation energies are given in table II. Exclusion of the 2a 1 orbital was unrewarding because for some bond length and basis sets it moved to the active space by some unwanted orbital rotations. Furthermore, due to the results in the previous section the cc-pVDZ basis set was not used. In the experiment [13] , the excitation occurs in an energy range from 7.25 eV to 7.6 eV with a maximum at 7.447 eV.
The importance of the diffuse functions is apparent from our results. Both basis sets with diffuse functions yield good excitation energies compared to the experimental value with an error of 0.2 eV. It should be noted that the better agreement is not only a consequence of the diffuse functions at the oxygen. Omitting the diffuse s-function in the last basis at the hydrogen atoms changes the energy dramatically. For this modified basis set the excitation energy is 8.06 eV (7.91 eV).
B. Adsorption of water on rutile (110)
With the methods outlined above for the cluster and the basis set IV from the previous section, we calculated the potential energy surface for the electronic ground state. Because hydrogen is bound to an oxygen atom of the cluster in the dissociative form the active space is enlarged by this orbital and two further electrons, eventually resulting in a CAS (10, 6) system. While the calculations for the water molecule in the gas phase were straightforward, here the problem arises that for those geometries that correspond to a molecular form unoccupied orbitals are not relevant. As a consequence, large orbital rotations occur and now d-orbitals of the titanium atoms become part of the active space. This of course leads to a discontinuous potential energy surface (PES). We overcame this challenge by performing Gadzuk's jumping wave packet approach [24, 25] is the theoretical framework of the simulations. Within this model, a wave packet is propagated for N different times τ n in the excited state and afterwards in the ground state until the expectation values of asymptotic observables converge. The time evolution can be written as:
Expectation values are then obtained by an exponential averaging over all N trajectories according to:
This formula allows for the exponential depletion of the excited state. It should be noted that the resonance life time τ is an empirical parameter and should be chosen according to experimental desorption probabilities. To our knowledge there is no experimental data available for this system and therefore this parameter might reveal a significant variation from a few femto seconds to about 50 fs as demonstrated earlier. Nevertheless, the influence of τ on general features of the observables in similar systems is minor.
Furthermore, the imaginary time propagation [26] has been used for generating the starting wave packet of the rovibronic ground state and a grid change [27] was applied to keep the grid short in the asymptotic region of the potential. For all simulations the split-propagator [28] was used with a time step of 10 E h −1 (0.24 fs).
In figure 11 the desorption probability as a function of the number of trajectories N and the maximum residence life time is shown. Each is separated by 100 E h −1 (2.4 fs). As it can be seen, the Gadzuk averaged desorption probability nicely converges.
Closer analysis reveals that there are three different scenarios: For short propagation times (τ n < 30 fs) the wave packet remains on the surface. For a longer life times the wave packet accelerates on the excited state's potential energy surface and moves off but the desorption is finalized in the ground state. This behaviour can be seen in figure 12 where the (not-averaged) desorption probability as a function of τ n is shown for the excited state and the end of the corresponding propagation in the ground state. For example, at τ n = 35 fs nothing of the wave packet is desorbed in the excited state but at the end of the ground state propagation half of it has left the surface. Finally, τ n > 160 fs leads to a total desorption in the excited state.
